Introduction
Cementum is a central component of periodontal tissues with a very limited capacity for regeneration (1) . This lack of regenerative potential of an important functional periodontal tissue represents a major challenge for dental clinicians. Periodontal ligament cells (PDLCs) can differentiate towards both osteoblastic and cementogenic lineage cells, which are responsible for bone and cementum formation, respectively (2) . Cementum has many biochemical features in common with bone, but the primary distinction is that cementum lacks vascularization and a Haversian canal system (3). Compared with bone, which undergoes continuous remodelling throughout life, cementum is a more quiescent tissue (4) . Cementoblasts express classical osteogenic markers, including alkaline phosphatase, type I collagen (COL1), runt-related transcription factor 2 (RUNX2) and noncollagenous proteins including bone sialoprotein and osteocalcin (1, 5) . Cementum protein 1 (CEMP1) and cementum attached protein (CAP) are also specific markers of cementum (6) (7) (8) . There is debate as to whether or not cementoblasts and osteoblasts have a common precursor (9) , and the different properties of these two cell types, including endogenous gene expression and the response to the extracellular environment, remain subjects of investigation. The canonical Wnt/β-catenin pathway has a complex role in mineral tissue development and regeneration (10, 11) , with different functions depending on cell type and differentiation stage. Wnt promotes bone formation by enhancing both the proliferation and differentiation of bone marrow stromal cells (BMSCs), however is reported to be down-regulated during the terminal mineralisation stages (12) . Wnt is also expressed by PDLCs and has a role in cell proliferation (13) . The impact of Wnt on cementoblasts has been extensively investigated, however the results appear to be contradictory: A study using an immortalised murine cementoblast cell line (OCCM-30), demonstrated that the canonical Wnt signalling pathway inhibited cementoblast differentiation (14) , whereas another study, using primary PDLCs cultured in osteogenic induction medium, demonstrated an increase in cementogenic markers following the activation of the canonical Wnt signalling (15) . Potentially, the differences observed in these studies are due to the different cell types used (immortalised vs. primary cells), and the local environment of PDLC differentiation. During chronic periodontitis and orthodontic treatment, the cementum exhibits severe damage and its regeneration is greatly restricted compared with alveolar bone (16) .
Local hypoxia may be an important factor, triggered by inflammation and over-loading (17) . Hypoxia inducible factor-1α (HIF-1α), a principal mediator of hypoxia, interacts with the Wnt signalling pathway in a complex pattern (18) . It has been previously reported that HIF-1α enhances Wnt signalling in undifferentiated cells and promotes the proliferation of stem cells (19, 20) . It has also been reported that hypoxia blocks Wnt/β-catenin signalling by interfering with the function of the endoplasmic reticulum, which prevents protein secretion in tumours (21) . Furthermore, there is in vivo evidence from neural stem cells suggesting that hypoxia activates the transcription of β-catenin and the β-catenin signalling cascade by increasing the expression of lymphoid enhancer-binding factor 1 (LEF-1) and T-cell factor 1 (TCF-1), which are the nuclear targets of β-catenin (22) . However, the role of HIF-1α in the regulation of Wnt signalling in differentiated cells remains unclear.
In the present study, primary human PDLCs in osteogenic culture conditions were used to investigate the interaction between hypoxia and Wnt signalling, and how this affects cementogenesis. Overexpression of Wnt signalling molecules was demonstrated to inhibit cementogenesis, and hypoxia rescued this inhibition by blocking the canonical Wnt signalling pathway. However, hypoxia and Wnt signalling promoted the osteogenic differentiation of PDLCs.
Materials and methods

Isolation and culture of human PDLCs (hPDLCs).
Isolation and culture of hPDLCs was performed according to previously published protocols (23) . Teeth were obtained from healthy patients (18-25 years old) undergoing third molar extraction surgery. Informed consent was provided by all patients involved and the research protocol was approved by the Human Ethics Committees of Queensland University of Technology (Brisbane, Australia). Briefly, periodontal ligament tissues were separated from the middle third of the root surface using a scalpel and were cultured in a T25 flask in Dulbecco's modified Eagle's medium (DMEM; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% v/v foetal bovine serum (FBS; Thermo Fisher Scientific, Inc.) and 50 U/ml penicillin and 50 mg/ml streptomycin (Thermo Fisher Scientific, Inc.) at 37˚C in a humidified CO 2 incubator. The osteogenic medium was supplemented with 10 -8 M dexamethasone, 8 mM β-glycerol phosphate and 50 µg/ml ascorbic acid. Following incubation for 5 days, the medium was changed and the outgrown cells were passaged at ~80% confluence. Cells at passages 2-5 were used for subsequent experiments.
Hypoxia-mimicking culture conditions and activation of the Wnt signalling pathway. Dimethyloxalylglycine (DMOG, Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) was added into the culture medium of the PDLCs at a final concentration of 1 mM to mimic a hypoxic environment, as described previously (24) . To activate the Wnt signalling pathway, Wnt3a conditioned medium (Wnt-CM) was prepared using a genetically modified murine cell line overexpressing L Wnt-3a (ATCC CRL-2647; American Type Culture Collection, Manassas, VA, USA). Cells were cultured according to the supplier's guidelines in a T75 flask with ATCC-formulated DMEM, supplemented with 10% v/v FBS and 0.4 mg/ml G418 (Sigma-Aldrich; Merck Millipore) to select Wnt3a positive cells. The conditioned medium (CM) was prepared by splitting the cells 1:10 in 10 ml culture medium without G418 and incubating for 4 days. The first batch of CM was removed and filter sterilised, and 10 ml fresh culture medium added. The cells were cultured for a further 3 days before a second batch of CM was collected. The working CM consisted of a 1:1 mixture of the two batches.
Cell proliferation assay. PDLCs were seeded in 96-well plates at 4x10 3 cells per well and cultured in either normal or hypoxic medium (1 mM DMOG), with or without the addition of Wnt-CM. On days 1 and 3, 20 µl of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (0.5 mg/ml; Sigma-Aldrich; Merck Millipore) was added to each well and incubated for 4 h at 37˚C. The supernatants were removed and replaced with 100 µl of dimethyl sulphoxide to solubilise the MTT-formazan product. Absorbances were measured at a wavelength of 495 nm using a microplate reader (Benchmark Plus; Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
. hPDLCs were seeded in 6-well plates cultured in normoxic or hypoxic medium, with or without Wnt-CM, for 3 days. Total RNA was extracted in 1 ml TRIzol ® Reagent (Thermo Fisher Scientific, Inc.) per well. Complementary DNA was synthesised using a DyNAmo™ cDNA Synthesis Kit (Finnzymes; Thermo Fisher Scientific, Inc.) following the manufacturer's protocols. qPCR was performed on an ABI 7500 Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) using SYBR Green detection reagent (Thermo Fisher Scientific, Inc.) according to a two-step protocol (initial denature at 95˚C for 2 min, followed by 45 cycles of 5 sec at 95˚C, 10 sec at 60˚C and 15 sec at 72˚C). Transcription levels of COL1, RUNX2 and CEMP1 were assayed and normalised against the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH), using the primers listed in Table I . Each reaction was performed in triplicate and the mean cycle quantification (Cq) value of each target gene was normalised against the Cq value of GAPDH, and the relative expression calculated using the following formula: 2 (-normalised average Cqs) x10 4 (25) . 
Results
Confirmation of cellular hypoxia. To determine whether PDLCs responded to the hypoxia-mimicking culture conditions of DMOG, protein expression levels of HIF-1α were examined by western blot analysis. This revealed a distinct increase in HIF-1α expression in cells exposed to 1 mM DMOG, with densitometric quantification of the bands demonstrating a statistically significant increase compared with the normoxic control condition (P= 0.011; Fig. 1A ). This confirmed that DMOG generates hypoxia-like culture conditions for PDLCs. β-catenin was used to examine the efficiency of Wnt signalling induction by Wnt-CM. Compared with culture in DMEM, a significant increase in β-catenin protein expression was observed when PDLCs were cultured in Wnt-CM (P= 0.014; Fig. 1B ).
Effects of hypoxia and Wnt on cell proliferation.
The proliferation rate of PDLCs cultured in normoxic and hypoxia-like conditions with/without Wnt-CM was determined by MTT assay. A significantly higher rate of proliferation was observed in the normoxia plus Wnt-CM condition compared with hypoxia plus Wnt-CM condition on days 1 and 3 (P= 0.038 and P=0.029, respectively; Fig. 2 ), indicating that the effect of Wnt signalling on cell proliferation was inhibited by hypoxia. When cultured in osteogenic medium, hypoxic conditions significantly inhibited the proliferation rates of PDLCs in Wnt stimulated and non-stimulated groups on days 1 and 3 (P<0.05; Fig. 3 ).
Hypoxia combined with Wnt3a conditioned medium promotes osteogenic differentiation of PDLCs.
RT-qPCR and western blot analysis were performed to determine the effects of hypoxia and Wnt signalling on osteogenic differentiation of PDLCs. Cells were cultured under normoxic and hypoxia-like conditions, with and without Wnt-CM. There were no significant differences between the protein (Fig. 4A ) or mRNA expression levels (Fig. 4B ) of COL1 and RUNX2 in PDLCs under normoxic and hypoxic conditions. However, when cells were cultured in Wnt-CM and hypoxic conditions, there was a significant up-regulation of the protein and mRNA expression levels of COL1 (P= 0.021 and P= 0.019, respectively; Fig. 4A and B, respectively) and RUNX2 (P=0.031 and P=0.029, respectively; Fig. 4A and B, respectively) compared with the normoxic cultures. In this context, as COL1 and RUNX2 are markers of osteogenic differentiation, hypoxic cells in which Wnt signalling has been induced appear to have a stronger osteogenic capacity than normoxic cells. Furthermore, when cells were cultured in osteogenic medium, COL1 and RUNX2 were expressed and their expression was further increased in response to hypoxia compared with normoxic levels, with and without Wnt-CM (P<0.05; Fig. 4C and D) .
Wnt signalling inhibits cementogenic differentiation of
PDLCs. The cementum specific marker, CEMP1, was used to evaluate cementogenic differentiation of PDLCs. PDLCs were cultured in normal growth medium or in osteogenic medium to induce differentiation, then protein expression levels were analysed by western blot and mRNA expression levels by RT-qPCR. Wnt-CM stimulation inhibited the protein expression levels of CEMP1 in undifferentiated PDLCs compared with the levels without Wnt-CM stimulation in normoxic and hypoxic conditions (P= 0.039 and P= 0.042, respectively; Fig. 5A ). mRNA expression levels of CEMP1 were also decreased by Wnt-CM in undifferentiated PDLCs in normoxic and hypoxic conditions compared with the levels without Wnt-CM stimulation (P= 0.034 and P= 0.018, respectively; Fig. 5B ). Additionally, an increase in protein expression levels of β-catenin in PDLCs following osteogenic differentiation was observed (data not shown). When cultured in osteogenic medium, CEMP1 protein expression levels were significantly higher in hypoxic conditions compared with normoxia, both without and with Wnt (P= 0.014 and P= 0.025, respectively; Fig. 5C ). This observation was further confirmed by analysis of mRNA transcription levels (Fig. 5D) . Notably, the expression of CEMP1 is negatively associated with β-catenin expression, an active element of canonical Wnt signalling. These results suggest that Wnt signalling inhibits cementogenesis (Fig. 5A and B) , whereas hypoxia promotes cementogenesis by down-regulating Wnt signalling (Fig. 5C and D) .
Discussion
Cementum consists of the cellular intrinsic fibre cementum (CIFC) layer, located at the tip of the root, and the acellular extrinsic fibre cementum (AEFC) layer, located at the upper two-thirds of the root (9) . CIFC is continuously deposited at the tip of the root to compensate for normal physiological occlusive abrasion; however, it is the AEFC that predominantly contributes to periodontal attachment. Therefore, regenerated cementum would ideally resemble the AEFC (26) . However, compared with the CIFC, the regenerative capacity of the AEFC is significantly lower (26) . Cementum regeneration must also include reattachment of the periodontal ligament to the cementum. From a biochemical perspective, CIFC and bone share certain common features but are distinct tissues; as opposed to bone, CIFC has no lamellar organization, blood vessels or nerve innervation. The CIFC and AEFC are both formed by cementoblasts, however, the specific mechanisms resulting in the production of these distinct types of cementum are of significant research interest. The cementoblasts that form the CIFC become embedded within the matrix they secrete, and a resemblance to bone formation is apparent. However, the reason for the lack of embedded cementoblasts within the AEFC, which resembles the tooth enamel formed by non-embedded ameloblasts, remains unclear. These are properties that distinguish cementum tissues from bone, and also CIFC and AEFC within the cementum.
It has been proposed that hypoxia maintains the stem-like properties of PDLCs by enhancing the expression of pluripotency markers (27) . In the present study, an in vitro model was used to demonstrate that Wnt signalling inhibits PDLC differentiation towards a cementoblast lineage, instead promoting differentiation towards an osteoblastic lineage. Therefore, the regeneration of periodontal tissue cannot be realized by simply activating Wnt signalling (15) . To improve the understanding the specific function of Wnt signalling and hypoxia in the regeneration of CIFC and AEFC, a site-specific in vivo model should be established to investigate the regeneration of CIFC and AEFC as separate phenomena.
Previous studies have demonstrated that the Wnt signalling pathway promotes cementogenesis in PDLCs cultured in osteogenic media (15) . In the present study, PDLCs were cultured in non-osteogenic medium, revealing that Wnt signalling inhibits cementogenic differentiation of naive PDLCs. However, when PDLCs were cultured in osteogenic medium Wnt signalling was spontaneously up-regulated and any further stimulation of Wnt by the addition of Wnt3a conditioned medium had limited effects on β-catenin activation, and the expression of cementogenic marker, CEMP1. The association between hypoxia and the Wnt signalling pathway has been intensively investigated, resulting in a numerous contradictory conclusions. For example, it has been proposed that hypoxia can activate canonical Wnt signalling by up-regulating the expression of LEF-1 and TCF-1 in embryonic stem cells, thereby increasing proliferation (19) . Hypoxia normally inhibits the formation of β-catenin-TCF-4 complex and transcriptional activity, however, in a certain microenvironment, HIF-1α can compete with TCF-4 for direct binding of β-catenin to promote cell survival and tumourigenesis (28) . Another study suggests that HIF-1α can inhibit β-catenin signalling by interfering with human arrest defective 1, which would otherwise acetylate and activate β-catenin (29) . The results of the present study indicated that in PDLCs, hypoxia inhibits β-catenin, as a marker of Wnt signalling, which contributes to the understanding of the cell-and tissue-specific effects of hypoxia and Wnt signalling. Unpublished data from our lab has also demonstrated that undifferentiated PDLCs have low intrinsic Wnt signalling and that CEMP1 expression decreases in spite of reduced β-catenin activity under hypoxia-like conditions. By contrast, PDLCs have relatively high Wnt signalling expression following osteogenic induction (data not shown). In this context, hypoxia inhibited β-catenin expression and promoted the expression of CEMP1. The role of Wnt signalling in cementogenesis as demonstrated in the present study is to inhibit cementogenic differentiation.
The Wnt signalling pathway has been considered as a therapeutic target for bone and mineral tissue regeneration.
However, the results of the current and previous studies suggest that Wnt signalling has widely varying effects depending on the tissue, and in terms of regeneration of specific mineralised tissues, it is necessary to initially establish the precise function of Wnt signalling in the local environment.
PDLCs can differentiate to osteoblasts and cementoblasts, thus, the present study suggests that cementogenic and osteogenic differentiation of PDLCs may originate from the different local environments of the periodontal tissues. For example, an infection of the root surface may lead to an increased inflammatory response and induce hypoxic conditions. This, in turn, may affect the capacity of naive PDLCs to differentiate, resulting in inhibition of cementogenesis following periodontal treatment. Hypoxia increases CEMP1 expression in differentiated PDLCs, which may be crucial for cementum regeneration.
